Abstract
INTRODUCTION
CMOS RFICs are Radio Frequency Integrated circuits in CMOS technology operated in radio frequency range. RF Power Amplifiers are part of the transmitter front-end used to amplify the input power to be transmitted [1] [3] .
The main performance parameters for the power amplifier are the level of output power it can achieve, depending on the targeted application, linearity, and efficiency. The two basic definitions for the efficiency of the power amplifier are drain efficiency (DE) which is the ratio between the RF output power to the dc power dissipated, and the power added efficiency (PAE) which is the ratio between the difference of the RF output power and the RF input power to the total dc power of the circuit. The PAE is a more practical measure as it is responsible for the power gain of the amplifier [1] .
RFICs are fabricated using CMOS, GaAs Hetero-Junction Bipolar Transistor (HBT), SiGe BiCMOS, , GaN High Electron Mobility Transistor (HEMT) technologies. Existing power amplifiers mostly use GaAs (Gallium Arsenide) or GaN (Gallium Nitride) for high output power. But it also leads to high power dissipation, large chip area and more cost. The GaAs technology provides high output power at high frequency, but it is quite expensive and the uniformity of the device structure may be affected due to process variations [6] . The GaN process also operates at higher frequencies and deals with high power capacity but due to wide band gap materials used more voltage supply is needed for operation which in turn leads to high power dissipation [7] .
CMOS power amplifiers can also be operated at high frequencies and by using some techniques output power can be increased. CMOS power amplifiers show more linearity as compared to GaAs and GaN technologies. As CMOS can operate on low power supplies there is drastic decrease in overall power dissipation of the circuit and hence better PAE can be expected. CMOS power amplifiers are cost effective and use minimum chip area for fabrication.
The main objective behind this paper is to design a CMOS Power Amplifier for 2.4 GHz WLAN application and observe change in its important parameters such as s-parameters, output power, power added efficiency with change in supply voltage and size of the power stage transistor. The tool used for designing this circuit is ADS (Advanced Design System) tool of Agilent Systems. This circuit is designed in RFCMOS 130 nm technology. The layout of this paper is follows: Initially this paper deals with the schematic of the CMOS power amplifier, then the simulation results obtained by varying supply voltage and size of second stage transistor. Layout of the designed circuit is drawn in Tanner Tool. Finally, conclusions are drawn out after observing the simulation results.
SCHEMATIC
A schematic of the CMOS power amplifier is shown in the figure 1. Driver stage and Power stage with the supply and bias network are main parts of the power amplifier. A cascode topology is used in the driver stage and a basic power amplifier topology is used in the power stage. The circuit is operated in 2.4 GHz ISM band. 
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A cascode topology is implemented in the first stage. The transistor M1 is the main amplifying device of this stage and transistor M2 is cascaded with M1. An inductor of a large value is connected between the drain of M2 and V DD which opposes the change in current and the cascaded transistor is to prevent large flow of drain current through M1. The transistor M2 is biased in saturation. Transistor M1 is biased by a MOSFET only bias circuit whose output is 0.5 Volts to operate in triode region. The transistor was first analyzed with different biasing voltages and found to be operating better at 0.5 V in similar conditions. An input matching network is connected to the driver stage i.e., the input stage for input impedance matching. For this matching purpose gate inductance Lg (L1) and source inductance Ls (L2) are used. The values of these inductances and the size of the transistors are such selected that the operation of the circuit is tuned to the resonance frequency of 2.4 GHz. The gate length of the transistors is fixed at 130nm and the width of gate is varied. The output power of this topology is not as high as the power stage but the isolation provided between output and input is very high. Also the dc power consumed by this circuit is far less than the power stage circuit. The dc current through this stage is 6.31 mA at 2.5 V.
The second stage is mainly responsible for power amplification considering the overall circuit. The size of the transistor used in this stage is large as compared to the size the transistors used in the driver stage. A big fat inductance is connected between the dc supply and the drain of the transistor M3. The output of the driver stage is fed to the gate of the transistor M3 through the capacitor C6. The dc current here is controlled by varying the size of the transistor. The amplification of the signal also depends on the bias voltage supply. Bias voltage is 0.75 V. Output matching network is connected at the output side for output impedance matching. Here, a LC tank circuit is designed for matching purpose and to tune the circuit to its operating frequency, so that the output return loss is better at resonance frequency. The total dc current of this stage comes out to be 83.5 mA at 2.5 V.
SIMULATION RESULTS
S -Parameters are an important part of Power amplifiers. There are four s-parameters essential to observe after designing a power amplifier. They are input return loss S(1,1), output return loss S(2,2), gain S(2,1) and isolation loss S(1,2).
Power calculations are carried out at 1dB compression point of the gain of the circuit. As shown in the figure 3, graph of gain in dB is plotted v/s input power in dBm. According to the figure 1dB compression point is obtained at -22.7 dBm of input power. Output power is observed at the same input power which comes out to be 20.028 dBm. This output power is known as output power at 1dB compression point. The maximum output power delivered by this circuit is 22.002 dBm. The unit used for power calculations of a power amplifier is dBm instead of watts. The conversion of watts to dBm and dBm to watts is given as in equation (3). The equation for power gain is given as in equation (5).
Power added efficiency; the factor by which the power amplifiers are analyzed is the deciding parameter between different types of power amplifiers. This CMOS power amplifier operating at 2.4 GHz with a main supply of 2.5 V gives PAE of 44.669 % at 1dB compression point. The maximum PAE achieved by the circuit is 70.196 %. These values can be observed in figure 8 where on left y axis pout is plotted and on right y axis PAE is plotted. The equations for the same are given in equation 6, 7 and 8. 
Variation in Output Power, S-Parameters and PAE with change in Supply Voltage
The supply voltage was varied from 1 V to 5 V. The operating frequency was kept constant i.e, 2. 
Variation in Output Power, S-parameters and PAE with change in Size of Power stage Transistor
Initially the width of the second stage transistor was 300 µm, i.e, 30 gate fingers with 10 µm width of single gate finger. The number of gate fingers was varied to change the size of the transistor. The gate fingers were varied from 15 to 50 numbers making the width effectively 150 µm to 500 µm. The results obtained are tabulated in 
LAYOUT
The layout of the designed power amplifier drawn in Tanner tool is shown in figure 11 .This layout occupies total die area of 0.363 mm 2 . This layout is designed to be operating at 2.5 dc supply and the width of power stage transistor is 300 µm. The total dc current flowing through this circuit is 90.1 mA. Metal 4 is used for V DD and ground lines and as its current flowing density is 1.6 mA per 1 µm, 120 µm metal 4 width is used. 
CONCLUSIONS
CMOS power amplifiers provide high output power with high efficiency. The values of V DD supply and size of power transistor were varied to observe the changes in output power, sparameters and power added efficiency. As shown in the results wide range of output power was achieved with relatively high efficiency. From the results it can be concluded that this power amplifier shows best performance with V DD 2.5 V and width of power stage transistor to be 300 µm. This wide range of output power helps this circuit in application of Bluetooth to WLAN.
